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1. INTRODUCTION

Landau damping is a phenomena observed in plasma wherein there is an ex-
ponential decay in the oscillations of the number density of electrons in a plasma
(also referred to as Langmuir waves) and so stability is achieved in some area of
the phase-space. This kind of plasma environment can be seen in fluorescent lights,
plasma balls, and in the plasma rings seen in Tokamak fusion reactors, and in this
report, one can visual the setting as a simplified idea of the motion of electrons in
fluorescent light tube.

FIGURE 1. Plasma at work: Tokamak fusion reactor

2. DERIVATION

Following a similar method to [1], we consider a one-dimensional plasma that
consists of heavy, positively charged ions and smaller negatively charged electrons.
The density of the electrons is described by the function: n.: R x R>g — R where
ne(-,t) gives represents the density of the electrons at a time t € R>¢. Each
electron possesses a random velocity v € R, which are distributed according to the
distribution function f: R x R>¢ x R — R, which satisfies:

+oo
/ flt,v) dv = n(z.t)
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This can be seen in Figure 2. We assume the ions are immobile, so the density
of the ions is defined by the constant n;. The assumption that the ions are fixed
in space is convenient and is made as the relative velocity of the ions are much
smaller in comparison to the velocity of the electrons. As a result the motion of
the ions can be ignored in a simple plasma model. We also assume the electrons
don’t interact with each other: their size, and their individual contribution to the
1
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X
FIGURE 2. Tons and electrons in the plasma model

electric field, relative to the space they exist in, is too small to be significant. If
this is the case, though, since a collisionless plasma would allow the electrons to all
move completely freely, and so the oscillations in the number density would remain
for all time. The calculations which follow try to prove the unintuitive notion that
damping does indeed take place in reasonable cases.

We suppose the collection of electrons have mass m. Considering a small local
perturbation of the distribution function f around a point (x,t,v):

fle+ Az, t + At,v + Av) — f(z,t,v)

This can be approximated using a first order expansion of f about (z,t,v) :

0F (o P05, oy
_of of of

=5 (z,t,v) —|—vax(:c,t,v) —|—aav(a:,t,v)
_of of Fof

- at (Iat7v)+vam(xat7v)+ mav($’t7v)

using Newton’s second law of motion, where F' represents force acting on the elec-
trons. Hence we can estimate the difference of a small perturbation of the electron
density n. about a point (x,t) by:

ne(x + Az, t + At) — ne(z,t)

+oo +oo

:/ flz+ Az, t + At,v + Av) dv —/ flz,t,v)dv
_:ooo oo

:/ (f(z+ Az, t + At,v + Av) — f(x,t,v)) dv
oo rof of Fof

N/m (m(x,t,v)+vax(w,t,v)+mav(x,t,v)) dv.

Hence, by solving the partial differential equation
of of Fof
1 e e _—— =
(1) 8t+vax+m8v 0

we can guarantee that

+oo
/ ne(x,t)de = constant  for all ¢ € Rxg
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so the electron mass is conserved. Equation (1) is called the Vlasov equation.
In our model, we assume that the electrons do not collide, so the force that the
electrons experience is given by the Lorentz force:

F=—-eE+v-B)
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where —e is the charge of each electron, E and B represent the mean electrical and
the mean magnetic fields that the electrons that each electron experiences, respec-
tively. We assume further that there is no magnetic field acting on the particles, so
B = 0. This simplifies the expression of the force acting on the electrons. However,
in plasma physics experiments, the plasma is confined using powerful electromag-
nets, so one way to increase the relevance of the model is to relax the condition
that B = 0.
Using the first of Maxwell’s equations, we have:

v.p_%__»r
ox €0
where p denotes the total charge density of the system and ¢( is a constant called
the permittivity of free space, which describes how well electricity conducts through
empty space. This is relevant as a fully ionised plasma consists of only ions and
electrons, the rest of the space is empty. If we let Qe denote the mean charge of
the ions in the plasma, we have:

p = —e(ne — Qny)
The constant term () is necessary as the model makes no assumptions about the
matter that has been ionised to form the plasma.

We can consider the electric field as the gradient of a electric potential, which
we will denote by ¢: R x R>g — R:

09
oz
which we can use in Maxwell’s equation and the Vlasov equation to give:

0%¢ OE e
92~ dr < 2, (@ni = ne)
of of e 0pOf

(2b) o Vo T mosoe

This system of non-linear equations can be non-dimensionalised by rescaling the
variables and the functions. After doing this we obtain the following system of
equations:

(2a)

of of 099f _
(32) ot o Taran "
0%¢
(3b) 922 1 ,
where

“+oo
(3c) / f(z,t,v)dv = n(z,t).

— 00

3. COLD ELECTRON LIMIT

In the cold electron limit, we make the assumption that the electrons are less
energetic, resulting in the electrons have purely deterministic velocities. This can
be expressed as follows:

f(.’t,t,l)) = ne(l’,t)(s(’l) - 6(x7t))
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where v: R x R>y — R gives the velocity of an electron with position z at time
t. Here ¢ defines the Dirac delta distribution, which can be integrated against
functions belonging to the space of test functions, C°(R x R>g x R). A simple
calculation shows the following equation holds:

1 +oe
v(x,t 27/ vf(x,t,v)dv
@0 =y | ftn)
so ¥ can be thought of as the mean velocity of the electrons as a function of space
and time. The space of test functions that we will be using is C°(R x R x R).
We use ¢ to denote an arbitrary function belonging to this function space.

By integrating the Vlasov equation against an arbitrary test function 1 over
space, time and velocity variables we obtain:

on 0
ot Oz
using the Fundamental Lemma of the Calculus of Variations. Similarly, we inte-

grating the Vlasov equation against test functions of the form vy we obtain the
following equation:

(nv) =0,

%(m‘;) + %(m‘ﬂ) = %.

These two equations relate the system to fluid dynamics, as these are two of the
Euler equations of fluid dynamics. Each of the equations indicates that the system
conserves some physical quantity. The first equation shows the conservation of mass
and the second shows the conservation of momentum of the system.

4. LINEARISED VLASOV EQUATION

One possible option to simplify the system of equations is to linearize the Vlasov
equation. This can be done by considering a perturbation of an undisturbed plasma
by a wave. An undisturbed plasma is in equilibrium, with uniform distribution
of electrons which has no dependence on the position or time. In this case, the
distribution function, denoted by fy, represents the distribution of the velocities of
the electrons. We write the distribution function as:

f(x,t,0) = fo(v) +e fz,t,v).

Here f is the distribution of the perturbation. Similarly, we can corresponding
equations for the electron density function n.:

ne(z,t) =1+ en(z,t).
In the undisturbed plasma, as the distribution function is independent of space and
time, we have that:
—+oo
no(z,t) = / folz,t,v)dv=1 forall (z,t) € R x Rxg

and n is the density of electrons corresponding to the distribution function f . Also,
we consider the perturbed electrical potential:

o(2,1) = do(z,t) + £ d(a, ).
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We derive a first-order perturbation equation from the Vlasov equation by col-
lecting all the terms that have € as a co-efficient. This gives a linear-system of
integro-differential equations:

of  of A
(4a) a—{Jrv%Jrfé(v)a—i =0
o
where
+oo
(40) A, 1) = / o t,v) dv.

Now this system of equations is linear, we can now attempt to solve the system of
equations. These solution of this problem give a simple model for a plasma that
exhibits Landau damping.

We now take this simplified linearized model, where the electron distribution
is approximately fo(v) as before, and we have an initial condition for f given by
Fy(v,z). In order to solve this equation to get an expression for f, we need to
seperate out some of the variables to get something we can solve. Our plan is to
tackle it in the following way, as seen in [2]:

e Apply the Fourier Transform in x to f and the number density n(z,t).

e Integrate in v to get an integral equation for 7n(k,t)

e Apply the Laplace transform in ¢ to n(k,t) to get n(k,p) and rearrange to
get a function we can solve for n.

Once we have this, in order to get back n itself, we have to find the set of singularities
to ensure that we can perform the inverse Laplace Transform given by:

1 vy+ioco
o9 ﬁ(kvp)eptdp
270 Jy—ioo
where the line Re(k) = ~ is to the right of all the singularities. However, this
knowledge is itself sufficient to tell us a lot about the model. If the singularities
all have Re(p) < 0 for all values of k, then we get an exponential decay in the
amplitude of the density oscillations at any specific point. This comes from the
fact that poles of the form p = a + ib introduce a term of the form Ce® cos(bt + d).

We define the Fourier Transform here to be:

oo

i) = [ glo)etda
—o0
Looking at the Fourier Transform of f,n, and ¢, and using the fact that under
the Fourier Transform derivatives becomes multiples, or in other words, taking the
transform with respect to x:
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we get the following variations of the Vlasov equation with initial conditions and
the number density expression:

of

ot —(k,t,v) —zk‘vf(k t,v) —ikf)(v )¢(k t) =

/ fk,t,v)dv = a(k,t) = k%

f(k,O,'U) = FO(kat)

This is now an ordinary differential equation in ¢, and so using the integrating factor
e’ we get the solution f:

t
[k, t,0) = Fo(v, k)e™ "t + f’ Z’m/ Ak, t)e” T dr
0

Now integrating with respect to v gives us an equation for 7:

oo
(5)  alk,t) = / Fy(v, k)e ™t do + — / / fo)alk, 7)e** =) dr do

—o0
Unfortunately, this integral equation isn’t easy to solve in its current form, and
deducing any damping properties at this stage isn’t likely either. However, we do
note that the final term in the left-hand-side of (5) is a convolution of transforms,
which equates to a product of convolutions.

In order to get something constructive, we apply the Laplace Transform to 7,
where the transform is defined by:

Cla®)(p): = / T e (o)

Applying this transform to 7, and using Fubini to change the order of integration,
we get the following equation, which we can rearrange to get an explicit form:

 fiw)ydv  alk,p) [ fi(v)dv
— + 3 —
o D kv k oo U —ip/k
oo fl(v)dv
ffoo ptikv
<1 1 oo fo(v)dv)
k2 J—co v—ip/k
Singularities of this equation are precisely where the expression in the denomina-

tor vanishes, or in other words at values of (k, p) which solve the following equation
attributed to Landau:

ii(k,p,v): = L[A)(k,p,v) =

1= flv)dv

1= ELII
(6) k2 J_ov—ip/k

Practically, one would want to look at the Gaussian initial conditions for the
density given by f1(v) = (1/5)6’”2/52. This is a very natural choice, and for small
values of € we can see that this approaches a point mass at zero in v, meaning that
all the electrons would be stationary initially. However, this is clearly not easy to
work with analytically to find singularities and discuss damping, so we consider a
similarly behaved function: fo(v) = (e(v? + €2))~!. If we want to find values of p
which solve our above expression (6) for fixed values of k, first note that for k = 0
we run into all sorts of problems with our definitions of the transforms of f and n.
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However, we do get for k = 0 that f must be constant in time, and so the density
remains constant over time as well. For k # 0, we get that:

e for Re(p/k) < 0 we get the following solution for 7, using fo:
-

ik p) = —
which has solutions in p of ke + z@ and ke — z@
e For Re(p/k) > 0 we get:
-7
alkp) = —
(k. p) e2(p + ke)?

which has solutions in p of —ke — z@ and —ke + zg
It can be seen that in both of these cases, the solutions p, don’t match up with the
stipulations of the sign of k/p, and so all in fact non of these solutions hold, leading
us to the conclusion that we have no singularites at all. Hence, we can choose the
curve of our inverse Laplace transform to be in the left-half-plane, and therefore
the system must be damped.

This damping is in the Fourier transform, which means that the number density
of electrons must converge exponentially fast to its mean, and so the force from
the electric field converges exponentially fast to zero, leaving a system where the
electrons are evenly distributed and can move without interacting with each other,
and only interacting with the comparatively stationary ions. This entire argument
works in a very similar way in higher dimensions, and the model is equally effective
in those settings. Omne could look further into stability of the density over time,
dependent on our initial conditions of the velocity distribution of the electrons.

Acknowledgements. The work was funded by the EPSRC through the MASDOC
DTC at the University of Warwick, grant reference number EP/H023364/1. The
authors would also like to pay thanks to John Ockendon for introducing the problem
and Charles Elliott and Bjérn Stinner for organising the modelling camp in which
most of this work was carried out.

REFERENCES

[1] J.E.Allen, A.Phelps Waves and microinstabilities in plasmas - linear effects Rep. Prog.
Physics, Issue 40, pp.1305-1368, 1977
[2] Cédric Villani Landau damping, Centre International de Rencontres Mathematiques. 2010



